Large area graphene sheets grown by chemical vapor deposition can potentially be employed as a transparent electrode in photovoltaics if their sheet resistance can be significantly lowered, without any loss in transparency. Here, we report the fabrication of a graphene-conducting-carbon-nanotube (CCNT) hybrid material with a sheet resistance considerably lower than neat graphene, and with the requisite small reduction in transparency. Graphene is deposited on top of a a self-assembled CCNT monolayer which creates parallel conducting paths on the graphene surface. The hybrid thereby circumvents electron scattering due to defects in the graphene sheet, and reduces the sheet resistance by a factor of two. The resistance can be further reduced by chemically doping the hybrid. Moreover, the chemically doped hybrid is more stable than a standalone chemically doped graphene sheet, as the CCNT network enhances the * Corresponding author Email address: ahmed.maarouf@egnc.gov.eg (Ahmed A. Maarouf)
dopant binding. In order to understand the results, we develop a 2D resistance network model in which we couple the CCNT layer to the graphene sheet and demonstrate the model accounts quantitatively for the resistance decrease. Our results show that a graphene-CCNT hybrid system has high potential for use as a transparent electrode with high transparency and low sheet resistance.
Graphene, a 2D material consisting of two triangular sub lattices with two carbon atoms per unit cell, has attracted enormous theoretical and experimental interest as a promising material for many applications including electrical devices, chemical separations, and supports for catalysis [1] [2] [3] [4] [5] . It has high mobility [6] , is highly transparent, flexible and relatively chemically stable. These properties make graphene an excellent candidate for use as transparent conducting electrodes (TCE) [7] in applications such as, solar cell and touch screen technologies. Conventional TCE materials, like indium tin oxide (ITO) [8] , have the transparency and sheet resistance typically required for TCE applications, but suffer from drawbacks such as the high cost of both the raw materials and their deposition [9] [10] [11] . In addition, ITO can not be used for flexible electronics applications. [12, 13] This has created the need for new low-cost TCE materials that exhibit similar or better electrical and optical properties, and has high transparency and low sheet resistance. A flexible TCE solution is an added bonus.
Pristine undoped graphene has a relatively high sheet resistance, as the Fermi level is at the Dirac point where there are essentially no electronic states to serve as conducting channels. Doping, even by environmental effects, can easily move the Fermi level to a region where the resistance is considerably lower (due to an increase in the density of states). In practice, graphene grown by CVD has grain boundaries formed due to the use of polycrystalline substrates as catalytic material. It also has structural defects and various adsorbed species.
The defects and grain boundaries significantly increases the electron scattering in graphene, resulting in its relatively high sheet resistance, even in the presence of doping. [14] A single layer graphene prepared by CVD typically has a sheet resistance of 1kΩ/ [15] . If the adsorbed dopants are removed by annealing in vacuum, the sheet resistance can reach 5kΩ/ , which limits the utilization of graphene in many applications.
Several strategies have been developed to reduce the sheet resistance. One is to stack graphene sheets to form a multilayer structure and thereby introduce more channels for charge transport [16, 17] . Another is to dope the multilayers to shift the Fermi level and increase the density of states and thereby the conductivity [17] [18] [19] [20] . This approach has been successfully used to reduce sheet resistance to 100Ω/ at 80% transparency [17] . Patterning graphene with metal busbar structures via screen printing has also been found to be a successful strategy reducing sheet resistance to 22Ω/ while maintaining high transparency (90%) limited by contact resistance [21] .
electronics [26] , supercapacitors, [27, 28] and chemical applications. [29, 30] In this work, to address graphene's relatively high sheet resistance, we connect the grain boundaries in CVD grown graphene with a thin bridge-like conducting material, conducting carbon nanotubes (CCNT) which are ideal for the purpose, to reduce the electron scattering and consequently decrease the sheet resistance. The density of the CCNTs is taken low so that they only connect the grains without reducing graphene's transparency. In order to understand the underlying physics governing the graphene-CCNT hybrid system we construct a physical model. We then present results of experiment. Last, we show results of the numerical computation of the model compared to experiment.
Results and Discussion
The electronic properties of the hybrid system is primarily dependent on three resistances. The first is that of the graphene sheet itself as imposed by its average grain size [14, 31] , vacancies, adatoms, and other defects will act as scattering centers for electrons, which will increase the sheet resistance. The second is contact resistance between CCNTs. This resistance depends on the details of the two tubes, including their chiralities, their relative orientation, the crossing angle, and Fermi level of the junction. [32, 33] The electronic coupling between a CCNT and a graphene sheet defines the third characteristic resistance of the hybrid system. As in the case of a junction formed from two crossed metallic tubes [33] , this coupling is expected to vary with the nanotube chirality and orientation with respect to the underlying graphene lattice.
To fabricate a graphene-CCNT hybrid film, CCNTs are deposited from a dilute solution on a quartz substrate as explained in Ref[ [34, 35] ], and a graphene sheet prepared by CVD [17] is transferred on to the top of the structure. As a control, a graphene sheet, and two-stacked graphene layers, prepared under the same conditions, are transferred to quartz substrates without CCNT monolayer films. The transmission of the three systems was measured using a UV spectrometer, and the sheet resistance was measured by 4-probe method.
We began the characterization of our first hybrid sample by measuring its optical transparency. Figure 1 shows the transparency of the hybrid system as a function of wavelength over the visible range, and compares it to the transparency of a bilayer graphene sample. The transparency of the hybrid system is 97%, higher than that of the graphene bilayer. Various adsorbents existing between the CCNTs and the graphene form an electrically insulating layer that decouples the CCNTs from the graphene. This explains our result that the pristine graphene, the bilayer graphene, and the graphene-CCNT hybrid samples had almost the same resistance. To overcome this problem, the samples were annealed at 600
• C for 10 minutes in vacuum to remove any dopant impurities and improve contact. The resistance of the graphene-CCNT hybrid system is now half that of the annealed graphene, while both exhibited nearly the same transmission. We posit that annealing at this high temperature in vacuum removes undesirable adsorbents and helps the nan-otubes achieve good contact with the graphene. This was confirmed by the SEM images of the graphene-CCNT system before annealing (Fig.2a) . It is clear that CCNTs can be distinguished in the image due to charging. After annealing the nanotubes can not be distinguished and are now coupled to the graphene (Fig.2b) . The grain boundaries of the graphene layer are clear in both images, and are typically of size ∼ 300 nm. Ω/ to 600 Ω/ , whereas doping of the annealed hybrid system reduces its resistance from 2.7 Ω/ to 380 Ω/ . Doping with nitric acid is known to be unstable, which causes the resistance of samples left in air to increase over time [17] . Indeed, leaving our graphene sample in air at room temperature for two days raises its sheet resistance to 780 Ω/ . However, the resistance of the hybrid system does not change over the same period. This suggests that the dopants are stabilized by the presence of the CCNT layer, which can be attributed to the trapping of the dopants between the graphene layer and the Table 1 : Sheet resistance values for graphene, bilayer graphene, and the hybrid graphene-CCNT system. The resistance of the hybrid system shows a large degree of stability compared to graphene.
To study the effect of the CCNT density on the sheet resistance of the hybrid material, we prepared samples with different CCNT monolayer densities. In Fig.   3a we show our transmission and sheet resistance results for hybrid samples with different CCNT densities, multilayer graphene, and thick carbon CCNT films. The ratio of DC to optical conductivity (σ DC /σ Op ) is an important parameter that can be used to evaluate the performance of transparent electrodes.
This ratio can be extracted from the measurement of the optical transparency:
where σ DC and σ Op are the electrical and optical conductivities respectively, R S is the sheet resistance and λ is the wavelength which the transmission is measured at (550 nm). This equation was used to calculate and compare the ratios between the electrical and optical conductivities for CCNT film, graphene layer, and graphene-CCNT hybrid. Figure 3b shows this ratio for the three layers where the hybrid has σ DC /σ Op = 34, very close to the ITO value of Ref.
8.
Raman measurements on the hybrid samples were performed, and the results are shown in Fig.4 . As we see, the signal of the hybrid is much closer to that of the single layer graphene than to that of the isolated CNNT monolayer (Fig.   4a ). As the CCNT monolyar density is increased, the Raman CCNT signature starts to appear, as shown in Fig.4b . The insets focuses on the G-peak region. We now explain our model. As a first approximation, and since the nanotubes are randomly dispersed on the graphene sheet, the coupling between the nanotubes and the underlying graphene is taken to be constant -a mean field type approximation. Furthermore, all nanotubes are taken to be con-ducting, which is justified by the fact that the graphene-nanotube system is chemically doped, although purification methods are being developed to separate conducting from insulating tubes. [36] Since we are interested in the low nanotube-density limit where the nanotube-network percolation itself is absent or weak, contributions from the nanotubes to the graphene conductance will arise from the nanotubes crossing graphene scattering boundaries (e.g. a nanotube crossing over a grain boundary). That is, a nanotube creates another conductance path between neighboring regions, and thus one can think of the nanotube as a local modification of the resistance of the graphene sheet. We further assume that the contact resistance between crossing CCNTs is much higher than that between a CCNT and graphene. [32, 33] This is confirmed by the observed significant decrease of the hybrid resistance for CCNT film densities that are well below the CCNT-network percolation limit.
The graphene sheet is treated as a continuum resistive medium, which we discretize into a square grid of tiles. The tile edge, a G , is taken to be smaller than the smallest length in the system (the nanotube length L T ). Each tile is connected to its four nearest neighbors using a resistance r G , determined by the experimentally measured graphene sheet resistance. The graphene-CCNT hybrid system is constructed by adding the nanotubes to the graphene sheet at random positions and with random orientations. We model this by adding local parallel resistance r GT when a randomly placed tube crosses two graphene tiles. Nanotubes are taken to be of uniform size, L T ∼ 350 nm, as inferred from SEM images of the physical system. We next return to theory to interpret the data. The sheet resistance of the modelled hybrid system is determined using a 4-probe resistance calculation.
Current is injected from the outer probes, and the voltage drop on the inner two probes is calculated using Kirchhoff's laws. The net node current I i at node i is related to various node voltages V j by:
where i = 1, 2, ..N , and the sum excludes the term with i = j. The element g ij is the conductance between nodes i and j in the network. In matrix form, Eq.
3 can be written as
where G is called the Kirchhoff's matrix of the network and it is defined as:
The diagonal terms are defined by current conservation (flux in equals flux out)
A current vector I containing the net current at each node has zero elements except for the two nodes, a and b, in contact with the current carrying probes. 
where I is the current entering node a and leaving node b. The reduction in the sheet resistance of the hybrid system can be described using the fractional decrease in the resistance caused by the CCNT film, defined as:
where R G is the sheet resistance of graphene, and R H is the sheet resistance of the hybrid system.
A sample size of side L s = 40 microns was simulated. The tile size is taken to be a G = 0.25 microns matching a typical graphene grain size. [14, 31] The tile size is smaller than the nanotube length L T , so that each CCNT is guaranteed to bridge at least two tiles, thereby simulating the coupled graphene CCNT system. In Fig. 6 , we plot the experimental values of η for the annealed and doped hybrid system with the results of our calculation. The resistance parameter r GT describing the graphene-CCNT coupling is obtained by fitting model to experiment as described above. For low CCNT densities, the model predicts a linear dependence of η on the density. As the density increases above the percolation threshold, not all CCNTs are in contact with the graphene, and since the CCNT-CCNT resistance is much higher than that of the CCNT-graphene, the fractional decrease in the resistance will reach a constant value, which is observed in our experimental data. Such 3D effects are not included in our simple model, which predicts a further increase in η at high CCNT densities, where some CCNTs lie on each other rather than on the graphene sheet. The inclusion of such effects would decrease the resistance gain obtained by the CCNT layer, but its treatment would be rather subjective in our phenomenological model. However, these details do not change the overall picture captured by the current treatment, but does explain the deviation of our model from our experimental data at high CCNT densities. Figure 6 : A plot of η vs the CCNT 2D density ρ 2D . The model predicts a linear dependence on the CCNT density at lower densities below or at weak percolation of the CCNT network. For higher densities, not all CCNTs contribute to lowering the graphene resistance, η saturates. The deviation between the model and the experiment at high density is because 3D effects are not considered in the model.
Conclusion
In conclusion, we have shown that a hybrid material made from CCNTs atop graphene sheet significantly reduces the sheet resistance compared to neat graphene, with a negligible decrease in transparency. The CCNT film reduces the system sheet resistance by providing alternative current paths which bridge over different scattering regions. The differential reduction in resistance is maximal at low CCNT densities, where the CCNT network has weak or no percolation, indicating that the alternative current paths created are due to bypassing the graphene domain edges. A simple resistance network model successfully explains the experimental behaviour. Furthermore, CCNT network increases the dopant binding to the graphene sheet, thereby enhancing the doping stability. This hybrid graphene-CCNT system has potential applications in various TCE applications. We can combine the CCNT-graphene hybrid with the microbusbar array of Ref. 21 to obtain a very effective TCE with many technological applications.
Methods
Graphene films were prepared by the CVD method [17] . Graphene was grown on Cu foils; a piece of Cu foil (25 m thick, Sigma-Aldrich) was placed in a 1-inch diameter quartz furnace tube at low pressure of 60 mTorr. The system was flushed with 6 sccm forming gas (5% H 2 in Ar) for 2 hours at a pressure of 500 mTorr to remove any residual oxygen and water from the system. The concentration of the oxygen and water in the chamber was monitored with a mass spectrometer. The Cu foil was then heated to 975
• C in forming gas (6 sccm, 500 mTorr) and kept at this temperature for 10 minutes to reduce native CuO and increase the Cu grain size. After reduction, the Cu foil was exposed to ethylene (6 sccm, 500 mTorr) at the same temperature for 10 minutes. The sample was cooled down in forming gas (6 sccm, 500 mTorr) before removing out of the system. PMMA was spin-coated on the graphene layer formed on the Cu foil, and the Cu foil was then dissolved in 1 M iron chloride. The graphene film supported by the PMMA layer was washed with DI water and transferred to a quartz substrate where the PMMA was dissolved in acetone for one hour.
The samples were annealed in vacuum at 600
• C for 10 minutes to burn any remaining PMMA and to get rid of all the dopants.
SWNTs (95% purity) were purchased from APS-100F, Hanwha Nanotech Corp. A diluted solution was prepared according to REF [37] . The substrates were modified with a 1% solution of 3-aminopropyltriethoxysilane (APTES) in DI water, to form a monolayer that can act as an adhesion layer between the nanotubes and the substrate. The nanotubes film was deposited by immersing the substrates in the diluted solution for 30 min, and then washing with copious amount of water. The graphene sheets were transferred to the self-assembled nanotubes as explained above. The graphene sheets were transferred to the self-assembled nanotubes as was explained above. The transmission spectrum was measured using a Perkin Elmer Lambda 950 UV/Vis spectrometer. The sheet resistance was measured using a manual four point probe equipment from Signatone, probe distance 1.5 mm.
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Theoretical Model
We treat the graphene sheet as a continuum resistive medium, which we model by discretizing it using a square grid of tiles. The tile size is taken to be smaller than the smallest length in the problem (the nanotube length L T ). Each tile is connected to its four nearest neighbors using a resistance r G , determined by the value of the pristine graphene resistance from our experiments. The tile size, a G , taken in our simulations was about 250 nm ( i.e. less than the CCNT length). This guarantees that the limit In that sense, the graphene sheet is modeled as a square 2D network of resistors of resistance r G each. Therefore, the different lengths in the systems are such that a G < L T << d 4p < L S . We quantify this statement below.
Resistance networks of various lattice symmetries have been studied before using various analytical and computational approaches. [15, 38, 39] The focus of previous work was on the two point resistance, which is the resistance between two grid points on the resistance network (usually separated by a few network lattice constants). Here, we model the 4-probe resistance of our graphene-CCNT hybrid system. We choose 4 points across the length of the simulated sample, inject and collect current from the two outer points, and calculate the potential difference across the two inner ones. To calculate the 4-probe resistance, we use
Kirchhoff's laws as described in the text.
The simulated sample size was 40 microns × 40 microns. Our study shows that the 4-probe calculation is independent of the inter-probe distance if it is less than 1/10 of the sample size. Our system has four lengths. In decreasing order, these are: the length defined by the sample dimensions, the inter-probe distance of the four-probe device, the nanotube length, and the tile size of the graphene sheet. This order implies a qualitatively correct description of the system, but to obtain quantitative credibility, one has to explore the dependence of the calculated resistance on the various parameters of the sample in order to get a highly accurate description given the large computational cost involved.
Let us first consider the tile size which we use in our discretization of the graphene sheet. For a given sample dimensions, as the tile size decreases, the description gets closer to the infinite resistances network limit, and the sheet resistance reaches a constant value. This clear in Fig.7 , where we plot the relative sheet resistance f R vs the inverse of the graphene sheet grid size, a G .
The relative sheet resistance is the sheet resistance normalized by the resistance at some tile size value (chosen to be 1 micron). As we see, a tile size value of 0.3 microns or less is enough to simulate the infinite system limit for sample dimensions of 30 or more microns, with an accuracy better than 1%. In fig. 9 we plot the relative resistance f R vs the square sample length L, for various tile sizes, and for a 4-probe distance of 4 microns. As we see, for sample lengths 30 microns or higher, change in the relative resistance is less than 1%. In our simulations, the CCNTs are generated with random position and orientation on the graphene sheet. A CCNT will span at least two graphene grid squares. At each CCNT density, at least 500 different systems are generated, and their sheet resistances are determined. An average is then obtained.
